Balanced harvesting (BH) was introduced as an alternative strategy to size-at-entry fishing with the aim of maintaining ecosystem structure and functioning. BH has been criticized on a number of grounds, including that it would require an infeasible level of micromanagement and enforcement. Recent results from a size-spectrum model show that the distribution of fishing mortality across body sizes that emerges from the behaviour of a large number of fishing agents corresponds to BH in a single species. Size-spectrum models differ from classical sizestructured models used in fisheries as they are based on a bookkeeping of biomass transfer from prey to predator rather than a von Bertalanffy growth model. Here we investigate a classical Beverton-Holt model coupled with the Gordon-Schaefer harvesting model extended to allow for differential fishing pressure at different body sizes. This models an open-access fishery in which individual fishing agents act to maximize their own economic return. We show that the equilibrium of the harvesting model produces an aggregate fishing mortality that is closely matched to the production at different body sizes, in other words BH of a single species. These results have significant implications because they show that the robustness of BH does not depend on arguments about the relative production levels of small versus large fish.
Introduction
Size-structured models are a standard tool in fisheries science for determining the sizes of fish to target and the overall level of fishing mortality, and date back to Beverton and Holt (1957) . The size-at-entry is typically set at a level which prevents harvesting of fish: (i) which have not yet had chance to reproduce (termed recruitment overfishing); (ii) which have not yet reached their full growth potential (termed growth overfishing) (Sparre and Venema, 1989) . The level of fishing mortality is set at or below the level that produces the maximum sustainable yield (MSY). This calculation typically relies on an assumed stockrecruitment relationship that specifies the number of new recruits for a given spawning stock biomass (Ricker, 1954; Beverton and Holt, 1957) .
Drawbacks to selectively targeting large fish include destabilization of fish stocks due to truncation of age structure (Hsieh et al., 2010) , impaired recruitment due to the loss of large female mega-spawners (Hixon et al., 2014) , and fisheries-induced evolution (Laugen et al., 2014) . Balanced harvesting (BH) has been suggested as an alternative strategy, defined as distributing a moderate mortality from fishing across the widest possible range of species, stocks, and sizes in an ecosystem, in proportion to their natural productivity so that the relative size and species composition is maintained (Garcia et al., 2012 (Garcia et al., , 2015 . In this definition, productivity was taken to mean "the amount of new organic matter produced per biomass unit", with dimensions per unit time (Garcia et al., 2012) . However, subsequent modelling studies (Law et al., 2012 defined productivity as the gross amount of biomass produced, which is usually termed production in the fisheries literature (e.g. Christensen and Pauly, 1992) and has dimensions mass per unit time. We adopt the interpretation of BH by Law et al. (2012) and define BH as a fishing mortality that is proportional to production in the rest of this paper.
There are two main facets to BH: (i) how fishing pressure is distributed over species; (ii) how fishing pressure is distributed over body sizes (Garcia et al., 2012) . This article is concerned with the second of these. Numerous studies have investigated the effect of different distributions of fishing mortality over sizes. The yield per recruit is maximized when fishing mortality is concentrated at the size at which the biomass of an unexploited cohort peaks, denoted l opt (Beverton and Holt, 1957; Beddington and Kirkwood, 2005) . However, catching fish of a unique size is clearly impractical in reality. Instead, mass-specific fishing mortality is commonly modelled as a size-selectivity function, for example a knife-edge or an S-shaped curve representing a trawl fishery (Sparre and Venema, 1989; Millar, 1992; Froese et al., 2016) or a dome-shaped curve representing a gillnet or longline fishery (Millar and Holst, 1997; Kolding et al., 2015) . This allows parameters of the size-selectivity curve, such as the size at first capture, to be optimized. For example, Froese et al. (2016) suggested that the size at first capture should be set smaller than l opt , such that l opt is mean, rather than the minimum, size of fish in the catch.
The preceding examples all use a top-down approach, concerned with optimizing a given pattern of fishing mortality determined by management. An alternative, bottom-up approach is to ask what pattern of fishing emerges as a result of decisions by multiple fishing agents, in response to economic or other drivers, about where and how to invest their fishing resources. Such studies have investigated the distribution of fishing effort across space, stocks or fishing technologies (Gillis et al., 1993; Gillis and van der Lee, 2012; van Putten et al., 2012; Burgess, 2015) . This approach has also been applied to the distribution of aggregate fishing effort of size or age classes that emerges from the sizeselectivity of multiple fishing agents (Tahvonen, 2009; RavnJonsen, 2011; Quaas et al., 2013) . Diekert (2012) showed that, if individual fishers can target fish of any size of their choosing, economic returns are equalized across size classes and are much lower than in a managed fishery (i.e. a monopoly scenario). Plank et al. (2016) showed that, in such circumstances, the emergent fishing mortality is closely matched to the production of fish of different sizes-in other words, BH-and that fishers avoid catching fish smaller than l opt as it is economically unattractive to do so. The result of Plank et al. (2016) was demonstrated using a size-spectrum model, which is based on a bookkeeping of the biomass flows from prey to predator and from parent to offspring (Benoît and Rochet, 2004; Andersen and Beyer, 2006) . The size-spectrum model used by Plank et al. (2016) predicts that the peak in production, and therefore l opt , occurs at relatively small body sizes. This prediction is controversial and is rightly being subjected to scrutiny (Froese et al., 2015 (Froese et al., , 2016 Andersen et al., 2016) .
Importantly, however, the prediction that individual fishers will self-organize so that their aggregate fishing mortality is proportional to production stems from a model for fishers' choice of target fish size. Equilibrium is reached when no individual can increase his/her catch by switching to a different target size. This concept is not limited to size-spectrum models, but is applicable to any size-structured population model. Here, we test this prediction using a classical Beverton-Holt model for a single species. We show that the distribution of fishing mortality over size that emerges as a result of fishers attempting to maximize their own net profits is still closely matched to production. This is important because it means that the second facet of BH-the distribution of fishing pressure over body sizes within a species-is a robust, emergent outcome of fishers choosing what size fish to target, regardless of the relationship between production and body size.
Bioeconomic model
We use a bioeconomic model consisting of three submodels: (i) a model for the ecological dynamics of the fish population, structured by body mass; (ii) a harvesting model describing how the level of fishing effort and its distribution over body mass changes with time; (iii) a stock-recruitment relationship.
Size-structured population model
We use the McKendrick-von Foerster partial differential equation (McKendrick, 1925; von Foerster, 1959) This is a size-structured model for a population with growth rate G(w), natural mortality rate lðwÞ and harvesting mortality F(w, t) at body mass w and time t. Equation (1) is equivalent to a Beverton-Holt model (Beverton and Holt, 1957; Sparre and Venema, 1989 ) (see Supplementary Materials, Section 1 for details).
The analysis that follows is applicable with any growth and natural mortality functions. However, for the purposes of presenting numerical results, we use a von Bertalanffy (1957) growth model, for which the growth rate (in mass per unit time) at body mass w is
where w 1 is the asymptotic body mass, K is the von Bertalanffy growth parameter and b % 3 is the exponent relating length l to mass w via w / l b . The von Bertalanffy growth model is commonly used to describe size-at-age in fish populations and estimates are available for the growth parameter K and asymptotic mass w 1 for a wide variety of species, see for example Fishbase (www.fishbase.org). For the natural mortality rate, we use a function that scales allometrically with body mass (Andersen and Beyer, 2015) :
The fishing mortality F(w) is described by a harvesting model, which we describe in the "Harvesting model" section; the boundary condition for Equation (1) at mass-at-birth w ¼ w 0 is given by a stock-recruitment relationship, which we describe in "Stockrecruitment relationship" section.
Harvesting model
The classical Gordon-Schaefer bioeconomic model (Gordon, 1954; Schaefer, 1954) describes the fishing effort on an unstructured population. Here, we extend the Gordon-Schaefer model to allow the fishing effort E(w, t) (dimensions per unit time) to depend on body mass w:
Eðw; tÞ ¼ kEðw; tÞ pðwÞqðwÞw 2 nðw; tÞ À cðwÞ
where q 1 is the catchability, p is the market price of fish Bioeconomic equilibrium of a size-structured Beverton-Holt model (dollars per unit mass), c is the unit cost of fishing (dollars) and k is a constant describing how rapidly effort responds to changes in economic returns. For generality, we allow the market price p(w), catchability q(w) and unit cost c(w) to depend on the body mass targeted. The key assumption underlying the model is that the rate of change of the harvesting pressure at a given body mass is proportional to the difference between the revenue from that body mass, pðwÞqðwÞEðw; tÞw 2 nðw; tÞ, and the cost cðwÞEðw; tÞ, both of which have dimensions dollars per unit time. This is a model of a situation, such as a gillnet fishery, where individual fishers can decide what size of fish to target via their choice of mesh size . The fishing effort E(w, t) represents the total amount of time spent by fishers targeting fish of body mass w. If there is profit to be made from targeting fish of mass w, then more fishers will do so, resulting in an increase in E(w, t). If targeting fish of mass w results in a loss, then fishers will cease doing so, resulting in a decrease in E(w, t). This describes an openaccess regime, where more people join the fishery when it is more profitable than alternative forms of economic activity, and vice versa.
The reason for the factor of w 2 in the revenue term is an assumption that fishing gear typically targets a percentage range of body masses rather than an absolute range. For example, suppose a 5 cm gillnet selects fish from 50 to 100 g. The assumption would then be that other size gillnets also select for body masses ranging over a factor of 2 (e.g. 500-1000 g) rather than over a 50 g range. This is consistent with log-normal selectivity curves fitted to empirical catch data (Millar and Holst, 1997; Kolding et al., 2015) . We do not explicitly model individual gears, but this example illustrates the assumption that translates into the revenue function seen in Equation (4) (see Supplementary Materials, Section 2 for derivation).
Cost in this model includes both actual costs, such as fuel and equipment, and opportunity costs. The so-called bioeconomic equilibrium is reached when net profit is zero, i.e. when the return from fishing is the same as could be achieved from switching to some other form of economic activity. From Eq. (4) we see that the bioeconomic equilibrium requires that, for every body mass w, either E(w) ¼ 0, or the term in the parentheses is zero so that
where f ðwÞ ¼ pðwÞ=cðwÞ is the ratio of unit price to unit cost for fish of body mass w, which will be referred to as the profitability. Here, BðwÞ ¼ nðwÞw 2 has dimensions of mass and represents the amount of biomass in a logarithmic interval at body mass w in a given volume (Andersen and Beyer, 2006) . Equation (5) therefore defines a threshold biomass at which targeting fish of a given body mass w becomes economic. In the exploited size range (i.e. body masses for which E(w) > 0), the biomass B(w) must equal the threshold value of 1=ðf ðwÞqðwÞÞ. In any size range where the biomass B(w) is less than this threshold, there is no fishing [i.e. E(w) ¼ 0]. The bioeconomic equilibrium is equivalent to the Nash equilibrium in the model of Plank et al. (2016) , where a population of fishers i ¼ 1; . . . ; m, each targeting body mass w i with fixed fishing capacity, all obtain the same net profit. This is also analogous to the "perfect selectivity" results of Diekert (2012) , who referred to the quantity pðwÞBðwÞ as the biovalue, and the result that equilibrium net profit is zero as dissipation of resource rent.
If unit cost, unit price and catchability are all independent of target body mass, then Equation (5) means that biomass B(w) is constant in the exploited body mass range. This corresponds to "invariance of biomass" (sensu Sheldon et al., 1977; Boudreau and Dickie, 1992) . The mechanism behind is that, if there are body mass ranges with higher biomass, fishers can obtain higher profits by targeting them, which reduces the biomass in until it is in line with other body masses . This means that, once the system reaches equilibrium, all fishers obtain the same the catch per unit effort, regardless of the body mass they choose to target.
Stock-recruitment relationship
We examine three different stock-recruitment relationships: (i) constant recruitment; (ii) the Beverton and Holt (1957) model; (iii) the Ricker (1954) model. Typically in fisheries, recruitment means survival to a certain age, size or life stage. However, for any given recruitment size, a fixed proportion of eggs will be recruited under the natural mortality model (Andersen and Beyer, 2015) . We therefore specify recruitment by specifying the rate of production of newborn fish of body mass w 0 , and set w 0 to represent the mass of a typical fish egg. As we are dealing with equilibrium solutions, we will omit the t argument in the following. The recruitment rate provides a boundary condition for the sizestructured population model by specifying nðw 0 Þ, the density of fish of mass w 0 . Spawning stock biomass S is calculated as the total biomass of fish greater than a specified mass-at-maturation w m .
Under constant recruitment, R ¼ R Ã , recruitment is entirely decoupled from the spawning stock biomass, and hence from the effects of fishing. This is equivalent to a yield-per-recruit framework. It also helps isolate the effects of impaired recruitment that can arise in the Beverton-Holt and Ricker models.
The Beverton-Holt equation for recruitment is an increasing function of S that saturates to a maximum recruitment level R max :
where S 50 is the spawning stock biomass at which recruitment is at 50% of its maximum. To ensure the different stockrecruitment models are comparable, we require that all three models produce the same level of recruitment R Ã when the spawning stock biomass is at its unexploited level, which we denote S ¼ S Ã . This condition determines the value of S 50 to be S 50 ¼ S Ã ðR max =R Ã À 1Þ. Under the Ricker model, recruitment is an increasing function of S when S is low, but then peaks and starts to decline at higher levels of S:
Applying the condition that recruitment must equal
. The value of b is then chosen so that the maximum recruitment is R max and the unexploited state is on the declining part of the Ricker curve.
Results

Equilibrium solution
We begin by presenting an analytical equilibrium solution of the coupled McKendrick-von Foerster and Gordon-Schaefer model. Details of the derivation and method for finding the exploited body mass range are given in Supplementary Materials, Section 3; here we present the key results. Under the bioeconomic equilibrium given by Equation (5), the fishing effort in the exploited body mass range is:
This solution applies for any specified functions for profitability f(w), catchability q(w), growth rate G(w) and natural morality rate lðwÞ. An important special case is when the profitability and catchability are independent of body mass and the growth and mortality functions are given by Equations (2) and (3). In this case, the fishing effort in Equation (8) is
Ecologically, the value of q is expected to be between 0.2 and 0.33, with some evidence for q ¼ 1=3 (Lorenzen, 1996 (Lorenzen, , 2000 .
Of interest is the relationship between fishing effort and production, defined as the total rate of new biomass production by all fish of body mass w, PðwÞ ¼ wnðwÞGðwÞ, with dimensions of mass per unit time (note this was termed productivity by Law et al., 2016; Plank et al., 2016) . In the exploited body mass range, the biomass is constant at 1=f , so the production is
Since b % 3 and q is close to 0.33, the terms ðw=w 1 Þ À1=b and ðw=w 1 Þ Àq in Equations (9) and (10) are close to being proportional. For values of w ( w 1 , the constant term ÀbK is small relative to the terms of w and therefore E(w) and P(w) will both be almost proportional to w À1=3 . As w gets closer to w 1 , the constant term becomes more important and so the proportionality between fishing effort and production will become weaker close to the asymptotic body mass. This prediction will be tested numerically in the following section.
Numerical results
To calculate explicit equilibrium solutions, numerical values for model parameters are needed; these are shown in Table 1 . Empirical (McGurk, 1986; Lorenzen, 1996 Lorenzen, , 2000 Gislason et al., 2010) and theoretical (Peterson and Wroblewski, 1984; Beyer, 2006, 2015; Law et al., 2015) evidence points towards an allometric mortality rate with an exponent q in the range 0.2-0.33, and we use a value of q ¼ 0.2. We set the adult natural mortality rate l m to be 1:5K , which is one of the Beverton-Holt life-history invariants (Charnov and Berrigan, 1991; Jensen, 1996) , and is consistent with empirical data in many species (Prince et al., 2015; Froese et al., 2016) . We study a species with an asymptotic body mass of w 1 ¼ 2000 g and a body mass at maturation of w m ¼ 0:295w 1 , which is consistent with the Beverton-Holt life-history invariant (Charnov and Berrigan, 1991; Andersen and Beyer, 2015) .
We first investigate the special case when neither catchability q ¼ 1 nor profitability f ¼ p=c vary systematically with body mass. As with the classical Gordon-Schaefer model, the profitability (ratio of unit price to unit cost) effectively determines the overall level of fishing pressure, with increasing profitability (either high market prices or low fishing costs) leading to increased effort and decreased stock biomass. If f is sufficiently high, overfishing can occur, meaning that stock is depleted below a level that can provide MSY, or fish are being caught before realizing their growth potential. We therefore test a range of parameter values for f, ranging from very low, where equilibrium effort is zero because fishing is not economic, to very high, where overfishing occurs. We investigate the pattern of size-selectivity, i.e. the relationship between fishing mortality and body mass that emerges from the model. Figure 1 shows the biomass B(w) of the stock, the fishing effort E(w) and the production P(w) as functions of body mass w. Results are shown for three different levels of profitability f. Solutions are calculated in the size range w > 0.001 g, but only plotted for w > 1 g as biomass, production and effort are all very small for w < 1 g. Recall from Equation (5) that fishing at body mass w will only take place if the biomass B(w) reaches the threshold level 1=f , which is shown as a horizontal dotted lines in Figure 1a ,c,e. When the profitability is only just large enough for fishing to be economically viable (Figure 1a and b) , all of the fishing effort is concentrated on the body mass where the biomass peaks, which for this set of parameters values is a body mass of just over 1000 g. As profitability increases, overall fishing pressure increases, the biomass becomes depleted to the threshold level over a range of body masses and it becomes equally attractive to fish anywhere in this range. For example, in Figure 1d , fish are being targeted from $100 to 1000 g in body mass; the biomass density is constant at 1=f ¼ 1000 g within this body mass range and less than 1=f outside this range (Figure 1c ). At these higher levels of fishing pressure, the distribution of effort over body mass that emerges in the exploited range is closely matched to the production (Figure 1d ,f), in agreement with the theoretical predictions.
Results for the Beverton-Holt and Ricker stock-recruitment relationships are given in Supplementary Materials, Section 4. The only difference relative to the constant recruitment case is that, for a given level of profitability, the minimum body mass exploited is slightly higher than under constant recruitment. This is because when recruitment is impaired as a consequence of Bioeconomic equilibrium of a size-structured Beverton-Holt model fishing, biomass does not reach the threshold level for fishing to be economic until slightly larger body mass (see Supplementary  Figures S1-S3) . Figure 2a and b show how the aggregate yield and aggregate effort (calculated by integrating yield and effort, respectively over all body masses from w 0 to w 1 ) vary as profitability increases. The aggregate effort can be thought of as a measure of the total number of boat-hours spent fishing. Under all three stockrecruitment relationships, there is a maximum in the yield curve at an intermediate level of profitability; if profitability is too high, the yield starts to drop. In the constant recruitment case, this can only be a result of growth overfishing, i.e. catching fish before they have reached peak cohort biomass. Under the Beverton-Holt and Ricker models, the maximum occurs at a lower levels of profitability and effort and produces a lower yield, than under constant recruitment. This is because recruitment overfishing is possible under the Beverton-Holt and Ricker models, as well as growth overfishing. Figure 2c shows how the smallest body mass fished w F;min changes with increasing effort levels. As effort increases, progressively smaller fish are caught. For a given level of effort, w F;min is independent of the choice of stock-recruitment relationship.
The maximum possible yield in a Beverton-Holt model is achieved when fishing effort is concentrated on a single size corresponding to the maximum biomass of a cohort (Beverton and Holt, 1957; Beddington and Kirkwood, 2005; Froese et al., 2016) , which for the parameter values used here occurs at a body mass of $420 g. In practice, it is impossible to restrict fishing mortality to a single body mass but this idealized case, sometimes known to as the potential yield (Froese et al., 2016) , gives a useful comparison with the open-access model. Figure 2d shows the yield from fishing only at a body mass for 420 g (termed a managed fishery), as a function of the fishing effort (see Supplementary Materials, Section 5 for details). For the case of constant recruitment, the yield from the managed fishery is an increasing function of effort and tends towards the potential yield as the fishing effort tends to infinity (Beverton and Holt, 1957; Beddington and Kirkwood, 2005) . The potential yield is 38% higher than the maximum yield in the open-access fishery, but this is an extreme scenario as it corresponds to completely depleting the spawning stock biomass. For the Beverton-Holt and Ricker recruitment models, the MSY from the managed fishery is 13 and 3% higher, respectively than in the open-access fishery. As expected, concentrating the fishing mortality at the theoretical optimum body mass increases yield; however, it is notable that the difference between the MSYs of the managed and open-access fisheries, both of which are idealized scenarios, is relatively small.
We now investigate what happens when there is dependence of profitability (defined as the ratio of unit price to unit cost) on body mass targeted. We set the profitability f(w) to be an Figure 1 . Equilibrium biomass, production and fishing effort against body mass for three levels of profitability f:
. Left column shows exploited biomass (solid), unexploited biomass (dashed) and critical biomass level for fishing to be economic (1=f , dotted). When the biomass reaches the critical level, fishing begins and creates a constant biomass solution in the exploited body mass range. Right column shows fishing effort (grey) and production (black). Results are for constant recruitment.
increasing function of body mass w. This could model a higher market price for large fish, a lower cost for targeting large fish, or a combination of both effects. We choose a function f(w) for which fish of around 270 g are about half as profitable of fish of the asymptotic mass of 2000 g (see Supplementary Materials, Section 5). This makes it economic to harvest larger fish down to lower biomass. As a result, the threshold biomass above which fishing is economic is no longer constant, but is a decreasing function of body mass (Figure 3a,c,e) . This shifts the fishing effort towards larger body masses compared to the results in Figure 1 . Nevertheless, there is still a close correspondence between the production and the emergent distribution of fishing effort over body mass in Figure 3d and f. We also tested the effect of setting the catchability q(w) to be an increasing function of body mass w. This models a situation where large fish are easier to catch than small ones for the same amount of time spent fishing. This could be because schools of larger fish are easier to locate using sonar equipment, or because the gear used to catch larger fish is more efficient. This results in the same fishing mortality as in Figure 3 , but higher fishing effort is required at smaller body masses within the targeted range to compensate for the reduced catchability (see Supplementary Fig. S5 ).
Discussion
We have investigated a size-structured bioeconomic model which allows fishing effort to vary as a function of body mass. The effort at a given body mass will increase if fishing that body mass returns a positive net profit (i.e. revenue from catch per unit effort exceeds cost per unit effort) and will decrease if it returns a net loss. This is an extension of the Gordon-Schaefer model (Gordon, 1954; Schaefer, 1954) to allow fishing effort to depend on body mass. The model assumes that the market price of fish is independent of the size of the catch. In reality, price will depend on supply and this could be modelled by an elasticity relationship.
The result that an open-access fishery, combined with perfect size selectivity, leads to net profit from fishing being equalized to zero across body sizes is not new. Diekert (2012) demonstrated this using a similar model and referred to it as dissipation of rents along the dimension of size. The new result presented here is that, at equilibrium, the aggregate fishing mortality is closely matched to production across body sizes. We have tested this in a model with constant recruitment (equivalent to a yield-per-recruit calculation) and two different stock-recruitment relationships. When market price, cost, and catchability are independent of body mass, fishing is predicted to lead to a constant distribution of biomass in logarithmic body mass intervals. We have also tested scenarios in which either the ratio of unit price to unit cost, or the catchability, is an increasing function of body mass.
The close match between fishing mortality and production across body sizes corresponds to BH within a single species. This is an emergent outcome of the model, rather than an externally applied rule, providing a counterpoint to arguments that implementation of BH would require impractical levels of monitoring, micromanagement and enforcement Froese et al., 2015; Reid et al., 2016) . It also confirms that this outcome is not limited to size-spectrum models and is robust to model selection. Interestingly, the match between fishing mortality and production only applies for body sizes down to a minimum capture size, below which fishing is not economically attractive. This suggests a more nuanced definition of BH across body sizes as: "a moderate mortality from fishing applied to sizes above the size at which production is maximal, and distributed in proportion to production". However, the most appropriate definition depends on the relative values placed on competing objectives, such as yield, profit and conservation, and the consequences of this alternative definition require further research. In addition, it is important to recognize that the size at which production peaks (or equivalently cohort biomass peaks Law et al., 2016) , although classically treated as a fixed externality, in reality will vary as a consequence of fishing changing the growth and mortality rates at different sizes . Our argument is not about fishing patterns or management strategies that maximize either yield or profit. Instead, they are a prediction about the pattern that would emerge as a consequence of size-selectivity decisions made by independent fishing agents. The yield obtained under such a pattern is not the global MSY, which for the Beverton-Holt model is theoretically obtained by fishing exclusively at l opt -the size at which unexploited cohort biomass is maximal (Beverton and Holt, 1957; Beddington and Kirkwood, 2005) . Nonetheless, the predicted yield from allowing fishing agents to choose what size fish to target is only slightly lower than the theoretical maximum. This is a counterpoint to the results of Froese et al. (2016) , which showed that, if fishing mortality is constant above size at first capture, then targeting small fish significantly reduces yield (growth overfishing). This does not happen in our bioeconomic model because fishing mortality is not constrained to be the same at all body sizes, but is allowed to adapt to the net profit obtained by targeting different sizes. Production is a decreasing function of body mass for sufficiently large fish and, when size-selectivity is the product of the actions of independent fishing agents, the aggregate fishing mortality reflects this declining production at large sizes.
If the objective is to maximize the profit of a fishing monopolist, the theoretical solution is to fish exclusively at the size at which biovalue is maximized (which may be greater than l opt if larger fish have higher value unit value) at a fishing mortality less than F MSY (Diekert, 2012) . As with the classical Gordon-Schaefer model, net profit at the bioeconomic equilibrium is zero by definition. This means that the economic return from fishing, over a range of body sizes, is the same as could be obtained from alternative economic activity. This is the predicted outcome of an open-access regime, where agents can enter the fishery as long as it is profitable to do so. If the cost of fishing is low (or the economic prospects from alternative activities are poor), this leads to depletion of the stock below the level that can provide MSY. This Figure 3 . Equilibrium biomass, production and fishing effort against body mass where large fish fetch a higher unit price than small fish, and three levels of maximum profitability f max : (a,b) f max ¼ 0:2 Â 10 À3 g -1 ; (c,d) f max ¼ 0:6 Â 10 À3 g -1 ; (e,f) f max ¼ 2 Â 10 À3 g -1 . Left column shows exploited biomass (solid), unexploited biomass (dashed) and critical biomass level for fishing to be economic (1=f ðwÞ, dotted). Right column shows fishing effort (grey) and production (black). Results are for constant recruitment.
is a well-known property of open-access models (Schaefer, 1954) , rather than of the distribution of fishing effort over body sizes per se. We are not advocating open-access fishing: controls on fishing effort are clearly needed to prevent overfishing, irrespective of the pattern of size selectivity.
The predicted match between fishing effort and production has been observed in small-scale African freshwater fisheries, for example Lake Kariba between Zambia and Zimbabwe , the Bangweulu Swamps in Northern Zambia (Kolding et al., 2003) and Lake Volta in Ghana (Kolding and van Zwieten, 2014) . In these examples, aggregate fishing mortality is the product of a large number of individual fishers employing a wide range of gear types and mesh sizes, often without effective size-based regulations (Kolding and van Zwieten, 2011; Mills et al., 2011) . The pattern of size-selectivity in large-scale, commercial fisheries is clearly very different. This is a consequence partly of size-based regulations prohibiting the targeting of small fish, and partly of the size-selectivity of the fishing gears in use. Trawl fishing typically selects all fish larger than a certain size and the current model is not equipped to describe this situation. The model could be modified to investigate trawl fisheries, e.g. by making the aggregate fishing mortality the sum of a set of S-shaped or knife-edge selectivity curves. Diekert (2012) showed that this resulted in a similar trend towards catching fish smaller than l opt and decreasing resource rents, but the relation between the emergent pattern of fishing mortality and production deserves further investigation.
It has been argued that the requirement of BH to fish in proportion to production would require infeasible levels of monitoring of production and micromanagement of fishing effort Froese et al., 2015; Reid et al., 2016) . Our results show that a balanced distribution of fishing effort across body mass can emerge, at least approximately, from the behaviour of independent agents trying to maximize their own economic returns. In reality, size selectivity is the product of numerous factors, including gear type, mesh size, species morphology and behaviour, and spatiotemporal deployment of fishing effort. Many of these factors are difficult to control and it is unlikely we will ever be able to target fish with perfect selectivity (Breen et al., 2016) . Our results should not be seen as quantitatively realistic predictions, but they do reveal an underlying, selforganizing principle by which fishing effort becomes matched with production.
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